Resveratrol is a plant phenolic phytoalexin that has been reported to have antitumor properties in several types of cancers. In particular, several studies have suggested that resveratrol exerts antiproliferative effects against A549 human non-small cell lung cancer cells; however, its mechanism of action remains incompletely understood. Deregulation of microRNAs (miRNAs), a class of small, noncoding, regulatory RNA molecules involved in gene expression, is strongly correlated with lung cancer. In this study, we demonstrated that resveratrol treatment altered miRNA expression in A549 cells. Using microarray analysis, we identified 71 miRNAs exhibiting greater than 2-fold expression changes in resveratrol-treated cells relative to their expression levels in untreated cells. Furthermore, we identified target genes related to apoptosis, cell cycle regulation, cell proliferation, and differentiation using a miRNA target-prediction program. In conclusion, our data demonstrate that resveratrol induces considerable changes in the miRNA expression profiles of A549 cells, suggesting a novel approach for studying the anticancer mechanisms of resveratrol.
INTRODUCTION
Resveratrol (3,5,4′-trihydroxystilbene) is a phenolic phytoalexin produced in various plants (e.g., grapes, legumes, berries, and peanuts) in response to stress, injury, fungal infection, and ultraviolet irradiation (Aggarwal et al., 2004; Soleas et al., 1997) . Epidemiological research has revealed a link between the consumption of red wine, an important source of resveratrol, and reduced risk of cardiovascular disease in France. Consequently, resveratrol has been extensively studied, and numerous beneficial effects have been observed, including antithrombotic, cardioprotective, anti-inflammatory, antioxidative, and vasorelaxant effects (Bhat et al., 2001; Delmas et al., 2005; Kasdallah-Grissa et al., 2007; Stef et al., 2006; ). In addition, resveratrol exhibits antitumor properties in several cancer types, including prostate, mammary, colon, and lung cancers (Bhat and Pezzuto, 2002; Revel et al., 2003; Schneider et al., 2000; Stewart et al., 2003) . The anticancer effects of resveratrol are associated with its ability to suppress proliferation and induce apoptosis through a variety of different pathways in tumor cell lines (Aggarwal et al., 2004) .
Several studies have indicated that resveratrol functions not only as a chemoprotective agent in A549 human non-small cell lung cancer (NSCLC) cells but also has therapeutic effects against existing lung carcinoma (Kim et al., 2003; Matsuoka et al., 2001; Mollerup et al., 2001) . According to Kim et al. (2003) , resveratrol treatment inhibits the phosphorylation of Rb protein as well as the transcriptional activities of both nuclear factorkappa B and activator protein-1 (Kundu and Surh, 2004; Sun et al., 2006) . This inhibitory effect of resveratrol has been reported to stimulate apoptosis through induction of the cyclin-dependent kinase inhibitor p21 CIP1/WAF1 and increased activity of caspase 3 (Kim et al., 2003) . Despite such progress, more research is needed to elucidate the anticancer mechanisms of resveratrol.
Recently, microRNAs (miRNAs) were identified as important, small, and noncoding regulatory RNA molecules that posttranscriptionally modulate gene expression (Ambros and Lee, 2004; Bartel, 2004; Pillai et al., 2007; Plasterk, 2006; Zhang et al., 2007) . Base pairing between miRNAs and complementary sites located in the 3′-untranslated regions of target mRNAs results in either the degradation or inhibition of mRNA translation, which subsequently reduces target gene protein levels (Ambros and Chen, 2007; Rana, 2007) . miRNAs have been found to play roles in diverse biological processes, including development, differentiation, proliferation, and apoptosis (Chen et al., 2006; Cheng et al., 2005; Cho et al., 2009 ). Furthermore, human miRNAs exhibit aberrant expression patterns in several cancers, including lung cancer; additionally, miRNA genes are commonly found in cancer-associated genomic regions (Calin et al., 2005; He et al., 2005; Johnson et al., 2005) . Although several studies have reported a correlation between miRNA deregulation and diverse lung cancers, the role of mRNAs in cancer remains incompletely understood (Eder and Scherr, 2005; Nana-Sinkam and Geraci, 2006) .
Since changes in miRNA expression may play a role in the anticancer effects of resveratrol, we used miRNA microarrays to characterize the effects of resveratrol in A549 human NSCLC cells. The mRNA targets of the miRNAs altered by resveratrol in these experiments may eventually provide practical information for the management of lung cancer.
MATERIALS AND METHODS

Cell culture
The NSCLC cell line A549 was purchased from the Korean Cell Line Bank (Korea), and cultured in RPMI 1640 medium containing 10% fetal bovine serum and antibiotics at 37°C in a humidified chamber containing 5% CO 2 . Cells were seeded into 60mm culture dishes (4 × 10 5 cells per dish) 1 day before resveratrol treatment.
Resveratrol treatment
Resveratrol (Sigma-Alrich, USA) was dissolved in dimethyl sulfoxide (DMSO; Sigma-Aldrich) and added to A549 cultures to obtain final concentrations of either 60 or 120 μM. DMSO was added to culture media as a vehicle control. Cells were treated for 24 h.
RNA preparation
Total RNA was extracted from cells using TRIzol reagent (Invitrogen, USA) according to the manufacturer's protocol after the 24-h resveratrol treatment. For the microarray studies, both the quality and concentration of the RNA samples were determined using an Agilent 2100 Bioanalyzer (Agilent Technologies, USA) and an Ultrospec 3300 Pro UV/Visible Spectrophotometer (Amersham Biosciences, USA). The recommended RNA quality parameters for microarray analysis were as follows: UV spectroscopy A 260 /A 280 ratio of 1.8-2.0 and A 260 /A 230 ratio greater than 1.8, 18S/28S rRNA ratio of 1.8-2.1, and RNA integrity number greater than 8.0.
Microarray analysis of miRNA profiles
A Human miRNA Microarray (V2) Kit (Agilent Technologies), containing probes for 723 human and 76 viral miRNAs, was used to analyze miRNA expression profiles. Before hybridization, 100 ng of total RNA was dephosphorylated with calf intestinal alkaline phosphatase and denatured by heating in DMSO. The dephosphorylated RNA was then labeled with cyanine 3cytidine 3′,5′-bisphosphate using T4 RNA ligase, and the labeled RNA was purified on a Micro Bio-Spin 6 column (Bio-Rad Laboratories, USA). The purified RNA was then denatured and hybridized to the microarray probes at 55°C, and then spun at 20 rpm for 20 h in an Agilent Microarray Hybridization Chamber (Agilent Technologies). The microarray slide was subsequently washed and scanned using the Agilent scanner to obtain microarray images. The scanned signals were extracted with Feature Extraction software (Agilent Technologies), and the data were analyzed with GeneSpring GX software version 7.3 (Agilent Technologies).
Classification of miRNAs
Of the miRNAs probed by the microarray, 723 human miRNAs containing a "present" flag in at least one sample were selected for further analysis. Fold-change analysis identified miRNAs from the resveratrol-treated groups that were altered by a factor of 2 as compared with their levels in control cells.
Target prediction of miRNAs
Candidate miRNAs that were either increased or decreased in expression by more than 2-fold following resveratrol treatment were chosen for target prediction using the miRBase Targets Database (Version 5) of experimentally verified miRNA sequences. Human genes predicted as miRNA targets were analyzed with Gene Ontology in order to identify genes playing roles in apoptosis, the cell cycle, cell proliferation, or differentiation.
RESULTS AND DISCUSSION
To evaluate resveratrol-induced changes in miRNA expression in A549 cells, which constitute an in vitro model of human lung adenocarcinoma, we employed miRNA microarray analysis to compare resveratrol-treated and untreated cells. The resveratrol doses used in this experiment were chosen by MTT assay to evaluate dose-dependent cell viability (data not shown). Two hundred and sixty-four out of 723 human miRNAs (36.5%) differed between the untreated and treated A549 cells ( Fig. 1 and the full list is shown in Supplementary Table 1 ). The color bar displaying altered fluorescence intensity corresponds to miRNAs up-regulated (red colors) or down-regulated (green color) by resveratrol stimulation. Although some of the miRNAs did not show significant changes in expression, certain miRNAs were significantly influenced by resveratrol stimulation. Therefore, we carried out resveratrol-dependent miRNAs profiling by sorting according to three independent criteria (2-fold expression change, up-and down-regulated miRNAs, and putative target genes of the miRNAs).
First, we determined the miRNAs that experienced greater than 2-fold changes in expression. Thirty-eight of the 723 miRNAs (5.2%) in the 60-μM resveratrol-treated group as well as 59 miRNAs (8.1%) in the 120-μM resveratrol-treated group exhibited greater than 2-fold changes in expression ( Fig. 2A  and 2B ). Among them, 26 of the 723 miRNAs (3.6%) showed 2-fold changes in expression at both resveratrol concentrations (Fig. 2B , center and Table 2 ). Interestingly, some of the miRNAs (e.g., miR-299-5p, miR-194*, miR-338-3p, miR-758, miR-582-3p, and mir-92a-2*) exhibited greater than 20-fold changes in expression in resveratrol-treated cells compared with the control. These observations strongly indicate that resveratrol is able to influence the expression of specific miRNAs in a lung cancer A549 cells. The asterisk following the name indicates non-functional miRNA or passenger strand that is released from the miRNA duplex (biologically active miRNA: passenger miRNA) during miRNA biogenesis (O'Toole et al., 2006) . Recent studies have suggested that miRNA* affords potential opportunities for contributing to the regulation network (Guo et al., 2010) . The microarray we employed contained probes to 723 human miRNAs, including miRNA*.
Next, we analyzed the direction of the 2-fold changes (up-or down-regulation) in miRNA expression (see above). Thirty of the 38 miRNAs (> 2-fold change in the 60-μM resveratroltreated group) and 22 of the 59 miRNAs (> 2-fold change in the 120-μM resveratrol-treated group) were up-regulated. On the other hand, eight of the 38 miRNAs and 37 of the 59 miRNAs were down-regulated (Fig. 2C ). Among the 26 miRNAs (> 2fold change at both resveratrol concentrations), eight miRNAs and seven miRNAs were up-and down-regulated, respectively, in a dose-dependent manner ( Table 2) . The other miRNAs (10 of 26 miRNAs) were shown to be expressed (up-or downregulated) at similar levels in the 60-μM and 120-μM resveratrol treated cells, respectively. Interestingly, miR-758 experienced the opposite expression pattern when the resveratrol concentration was increased from 60-to 120-μM (28-fold to 3-fold). This miRNA might be involved in the mechanism of action of the low dose resveratrol-mediated cellular response. However, the miRNAs that showed a dose-dependent response might be involved in the inhibition of cell proliferation. Several recent studies have reported that resveratrol inhibits cell proliferation in a dose-dependent manner in several cancer cell lines, including HL-60, HepG2, LNCap, HT1080, and A549 cells, through cell cycle arrest, cell adhesion defects, and apoptosis (Kim et al., 2003; Ma et al., 2006; Moammir et al., 2006; Park et al., 2009; Stervbo et al., 2006) . Although further work on the cellular mechanisms of resveratrol-specific miRNAs should be performed, the physiological properties and changes in expression of specific miRNAs are correlated with each other in a resveratrol-concentration dependent manner. These results raise a question about the relationship between resveratrol-specific miRNAs and their putative target genes with regards to resveratrol-mediated anti-cancer properties.
Therefore, we conducted a bioinformatics analysis of resveratrol-responsive miRNAs (26 miRNAs showing a 2-fold change at both resveratrol concentrations) to identify those with potential target genes involved in resveratrol-mediated cancer preventive processes, such as apoptosis, cell cycle regulation, cell proliferation, and differentiation. Using the miRBase Target A B C Fig. 2 . Dose-dependent expression profiles of miRNAs exhibiting greater than 2-fold expression changes. Seventy-one miRNAs exhibited greater than 2-fold changes in expression after resveratrol (RV) treatment. (A) Relative miRNA expression levels of each treatment group are represented in color as described in Fig. 1. (B) The Venn diagram depicts the dose-dependent responses of miRNAs to RV: 12, 33, and 26 miRNAs exhibited greater than 2-fold expression changes after treatment with 60 µM RV, 120 µM RV, and both concentrations of RV. (C) Upregulation or down-regulation of miRNAs exhibiting greater than 2-fold expression changes after RV treatment was shown to be dosedependent. Database, we identified approximately 1,000 potential targets for each miRNA, excluding miR-1228*, which was not present in the database (data not shown). Next, we used the AmiGo web-based set tools offered by the Gene Ontology Consortium (GOC) to select the list of human genes showing experimentally confirmed function in apoptosis, cell cycle regulation, cell proliferation, and differentiation (see the "Materials and Methods"). These lists contained 178, 40, and 67 genes, respectively. Finally, the putative genes from the miRNA target prediction were compared with the set of genes from the gene ontology analysis, and the overlaps between that sets of genes are listed in Table 3 . These lists contain 97, 20, and 28 genes, respectively. Some of the mRNAs were predicted to be targeted by more than one miRNA, as a single miRNA may target a number of mRNAs, and conversely, a single mRNA target may be modulated by several miRNAs (John et al., 2004) . Interestingly, miR-299-5p was the most up-regulated by resveratrol (greater than 50-fold increase), and BCL6 had the highest target score among its target genes. BCL6 is a well-known protooncogene in B-cell lymphoma and breast cancer, and it has been reported to function as a transcriptional repressor (Logarajah et al., 2003; Staudt et al., 1999) . Regarding the cancer chemopreventive activity of resveratrol, the expression level of BCL6 was reported to be decreased by resveratrol stimulation, resulting in increased expression of several BCL6-regulated genes, such as p27, p53, and CD69 (Faber et al., 2006) . Although the cellular effect and target genes of this miRNA have not been researched, further study on miR-299-5p and BCL6 would be important for understanding the resveratrol cellular response. Moreover, we noticed the possibility that several miRNAs under this condition can potentially regulate target genes encoding known oncogenes or oncogenic proteins. Using the bioinformatics tool of Gene Set Enrichment Analysis (GSEA, www.broadinstitute.org/gsea/index.jsp), we investigated the oncogene family from the pool of listed genes in Table 3 . We identified eight of those putative target genes in Table  3 as oncogenes, such as AKT1, PML, HIP1, LCK, PDGFRB, MYC, MLF1, and BCL6. Interestingly, a great number of miRNAs putatively targeting the above oncogenes were up-regulated by resveratrol (Table 2) . Altogether, these results indicate that the anticancer properties resveratrol of may be derived from its effects on the expression of miRNAs targeting important regulators of cell survival. In summary, we determined that resveratrol induces considerable changes in A549 cell miRNA expression profiles. Previous studies have provided substantial evidence regarding the role of resveratrol as a chemoprotective agent against human lung cancer, but its mechanisms of action remain incompletely understood. However, our results suggest that characterization of resveratrol-induced miRNA changes may provide a useful approach to understanding cellular responses to resveratrol. Further studies must be performed to verify the predicted miRNA targets identified in this study.
Note: Supplementary information is available on the Molecules and Cells website (www.molcells.org).
